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Proteins of fifty or fewer amino acids are poorly characterized in all organisms.
The corresponding genes are challenging to reliably annotate, and it is difficult to purify
and characterize the small protein products. Due to these technical limitations, little is
known about the abundance of small proteins, not to mention their biological functions. To
begin to characterize these small proteins in Escherichia coli, we assayed their
accumulation under a variety of growth conditions and after exposure to stress. We found
that many small proteins accumulate under specific growth conditions or are stress
induced. For some genes, the observed changes in protein levels were consistent with
known transcriptional regulation, such as ArcA activation of the operons encoding yccB
and ybgT. However we also identified novel regulation, such as Zur repression of ykgMO,
CRP repression of azuC, and CRP activation of ykgR. The levels of eleven small proteins
increase after heat shock and induction of at least one of these, YobF, occurs at a post-
transcriptional level. These results show that small proteins are an overlooked subset of
stress response proteins in E. coli, and provide information that will be valuable for

determining the functions of these proteins.
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A challenge of whole-proteome studies of any biological system is the identification and
characterization of small proteins, herein defined as those having 50 or fewer amino acids.
These small proteins are difficult to detect using standard biochemical techniques. For the
analysis of proteins in complex lysates, many studies have employed two-dimensional gel
electrophoresis, a technique that is biased toward abundant proteins of standard size (30-200
kDa) (21, 29). Proteins that are present at low levels or have extremely large or small molecular
weights are usually missed in these experiments (11, 21, 29, 38). Recently, methods for using
mass spectroscopy to analyze proteins from crude mixtures have been developed, and can
provide higher sensitivity and resolution (21). However, small proteins are still difficult to
identify using these methods. This is in part due to the fact that fewer peptides are produced
from peptidic degradation of small proteins, making it more difficult to identify these proteins
with confidence. The result of these experimental constraints is a paucity of information about
the number and identity of small proteins that are present even under standard growth conditions
in any biological system. Even less is known about stress-induced accumulation of these
proteins.

Those small proteins that have been identified and characterized, however, indicate that
they can have important roles in both bacteria and eukaryotes. In Salmonella, the 30 amino acid
MgtR protein negatively regulates the MgtC virulence factor by binding to and facilitating its
degradation (2). The 46 amino acid Bacillus subtilis Sda protein represses sporulation by
inhibiting the activity of the KinA kinase (4, 37). A group of 20-22 amino acid proteins that are
excreted by Staphylococcus aureus during infection act to disrupt neutrophil membranes and
cause cell lysis (48). In Drosophila, a family of 11 amino acid peptides encoded on a

polycistronic mRNA have been implicated in leg development (14), and the 31 amino acid
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amphipathic helical sarcolipin protein from rabbit regulates the activity of the sarcoplasmic
reticulum Ca”*-ATPase (49). These examples illustrate the diverse role of small proteins in cell
physiology, as well as their universal distribution.

In a previous study, we confirmed the synthesis of 20 previously-annotated small proteins
in E. coli by integrating the sequential peptide affinity tag (SPA) upstream of the stop codon on
the chromosome (22). 18 of the 20 proteins were expressed in rich media, while two were only
detected under specific conditions. We also predicted numerous new small protein genes using
sequence conservation and ribosome binding site models and confirmed the synthesis of 18 of
these proteins.

To further characterize 51 previously-detected or predicted proteins, we assayed the
levels of the SPA-tagged proteins under different growth conditions and after exposure to stress,
and found that a number of the small proteins are synthesized under specific growth conditions.
Four of these, YkgO, AzuC, YkgR and YobF, were selected for further investigation of the
mechanisms of their regulation. We found that transcription of the ykgMO operon is repressed
by Zur and that azuC and ykgR transcription is repressed and activated by Crp, respectively. We
also found that the increased accumulation of YobF in response to heat shock occurs at a post-

transcriptional level.
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MATERIALS AND METHODS

Strain construction. All strains and oligonucleotides used in the study are listed in
Tables S1 and S2, respectively. The SPA tagged strains constructed for this study were
generated as previously described (22). The SPA fusion to the small open reading frame (ORF)
predicted to overlap pyrG (pyrG-mazG) was generated in NM400 like for the other strains, but
was not moved into MG1655. In this case, the NM400 strain was analyzed. The strains used for
the dot blot assays retained the kanamycin cassette downstream of the SPA tag sequence to
facilitate handling of the large number of cultures. Prior to the confirmation western blot assays,
the kanamycin cassettes were removed by transformation with a plasmid expressing the FLP
recombinase (pCP20) (7). Excision of the kanamycin cassette was confirmed by PCR. The
Azur::kan and AcadC::kan mutants were generated by homologous recombination with a PCR
fragment obtained by amplifying the kanamycin cassette on the pKD4 plasmid. The mutant
alleles were sequenced, and the Azur::kan allele was moved into the ykgO-SPA (kan®) strain
while the AcadC::kan allele was moved into the azuC-SPA (kan®) strain by P1 transduction. The
Acrp::cat allele from NRD352 (10) and the rpoS::Tnl0 allele described in (52) were moved into
the azuC-SPA (kans) and ykgR-SPA (kans) strains by P1 transduction. The AgadXYW::kan allele
from PM1293 (31) and the AgadE::kan allele from EK551 (30) were moved into the azuC-SPA
(kan®) strain and the AoxyS::cat allele from GSO113 (43) and the Alon::tet allele from ML30008
(28) were moved into the yobF-SPA (kan®) strain by P1 transduction.

Chromosomal transcriptional fusions between the azuC and ykgR promoters and the SPA
tag were constructed by replacing the 5’ untranslated region (UTR) of azuC and ykgR with the 5’
UTR from multiple cloning site (MCS) 3 in the pPBAD24 plasmid (5’-

ACCCGTTTTTTGGGCTAACAGGAGGAATTAACC-3’) (20) and the small protein ORF with
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the SPA tag sequence. Chromosomal translational fusions to the SPA tag were constructed by
replacing the azuC and ykgR ORFs with the SPA tag sequence. The second codon in the SPA
tag sequence encodes Met, and this codon was used as the start codon for the SPA reporters. For
both sets of constructs, the SPA tag sequence and kanamycin cassette from the pJL148 plasmid
were amplified by PCR, transformed into NM400, sequenced and transduced by P1 into
MG1655. For the transcriptional and translational fusion strains, the kanamycin cassette was
retained in the strain after transduction.

The ykgR-SPA (kans) strain was transformed with pSAKTtrc from CAG62093 (B.-M.
Koo, unpublished) to overexpress o' under control of the ¢ promoter and with pTrc99A-rpoE
from KMT249 (K. M. Thompson, unpublished) to overexpress " under control of the trc
promoter.

Growth conditions. All strains except those carrying crp::cat were grown in Luria Broth
(LB) rich medium or M63 minimal medium containing 0.0005% vitamin B1 and either 0.2%
glucose or 0.4% glycerol. For the crp::cat mutant strains, the minimal medium also contained
0.2% casamino acids.

For the dot blot assays, unless stated otherwise, all cultures were grown at 37°C as 5 ml-
cultures in 50 ml Falcon tubes with shaking at 250 rpm. LB cultures were inoculated with a
1:1000 dilution of overnight cultures. Minimal glucose cultures were inoculated with a 1:500
dilution of overnight cultures, while minimal glycerol cultures were inoculated with a 1:2000
dilution (to allow cultures to grow overnight). Oxygen-limited cultures were inoculated from
LB-grown overnight cultures into 2 ml LB + 0.2% glucose (deoxygenated) in 2 ml Eppendorf
tubes and were grown without shaking. The corresponding aerobic control cultures were

inoculated from the same overnight cultures into 5 ml LB + 0.2% glucose in 50 ml Falcon tubes
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and were grown with shaking. Cells from both sets of samples were harvested at ODggo = 0.4-
0.5. To induce cell envelope stress, cultures grown to ODgpp = 0.2-0.3 were exposed to 0.025%
SDS and 1 mM EDTA for 1 h. To induce acid stress, cultures grown overnight in LB were
inoculated into LB MES (100 mM, pH 5.5-5.6) or LB MOPS (100 mM, pH 7.5-7.6) media and
grown to ODggp = 0.4-0.5. To induce heat shock, cultures grown at 30°C to ODggo = 0.4-0.5 were
transferred to a 45°C water bath for 20 min. To induce cold stress, cultures grown at 37°C to
ODgoo = 0.2-0.3 were transferred to a 10°C water bath for 1 h. To induce oxidative stress or thiol
stress, cultures grown to ODggp = 0.2-0.3 were exposed to either | mM hydrogen peroxide or 1
mM diamide, respectively, for 30 min. For iron depletion stress, cultures grown to ODgop = 0.1-
0.2 were treated with 200 puM dipyridyl for 1 h. To induce DNA damage, cultures grown to
ODggo = 0.3-0.4 were treated with 2 pg/ml mitomycin C for 30 min. ODgyy was measured at time
of harvest, and the control sample for each of the stress conditions other than oxygen-limitation
and acid stress were samples grown in LB medium to a similar ODggp. Cultures were transferred
to ice water baths in order to stop cell growth, and cells were collected from one ml of cells. The
cell pellets were frozen on dry ice and stored at -80°C.

Larger samples were used for the confirmation western blots. For the cell envelope stress
western blots, 30 ml-LB cultures started with a 1:1000 dilution from overnight culture grown at
37°C were grown to ODggo = 0.3-0.4 at 37°C. The cultures were then divided into four 5-ml
aliquots and water, SDS (0.025%) and/or 1 mM EDTA (1 mM) was added to each culture.
Cultures were allowed to grow to ODggo = 1.0-1.2 (1 h of growth for all cultures except those
exposed to EDTA and SDS, which grew more slowly) and then harvested. For the acid stress
western blots, 30 ml-LB MOPS (pH 7.5) and LB MES (pH 5.5) cultures were inoculated 1:1000

from overnight LB MOPS and LB MES cultures, and grown until ODgg = 0.4-0.5 at 37°C and
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harvested. For the heat shock confirmation western blots, 30 ml LB cultures were inoculated
1:1000 from overnight cultures grown at 30°C, and were grown in 250 ml flasks to ODggo = 0.2-
0.3 at 30°C. Then 10 ml of the culture was transferred to a 125 ml flask and incubated at 30°C
for 20 min, while another 10 ml of culture was incubated at 45°C for 20 min.

Immunoblot assays. For the dot blot assays, whole cells were resuspended in 1X sample
buffer [0.5% SDS, 0.006 mg bromophenol blue, 13% glycerol, 50 mM sodium phosphate buffer
(pH 8)] and heated at 95°C for 10 min. A 1-pl aliquot of each sample (equivalent to the cells in
ODspo = 0.0028) was spotted on a nitrocellulose membrane (Invitrogen) followed by 1-ul
aliquots of a half dilution series. For cells expressing the YbgT-SPA, YnhF-SPA and YbhT-SPA
fusions, the levels of the proteins were significantly higher than the other tagged proteins, so the
boiled extract was diluted 1:10 in 1X sample buffer prior to spotting on the membrane. After all
spots were applied, the membrane was dried at room temperature for 10 min, and then incubated
in PBS-T (KD Medical) for 30 min. The membranes were blocked with 3% milk, and probed
with anti-FLAG M2-AP monoclonal antibody (Sigma-Aldrich) in 2% milk. Signals were
visualized using Lumi-Phos WB (Pierce) following standard methodologies. For the
confirmation western blots, samples were processed as previously described (9). In brief, a
fraction equivalent to the cells in ODgyy = 0.057 was separated on a Novex 16% Tricine gel
(Invitrogen) and transferred to a nitrocellulose membrane (Invitrogen). The membrane was
blocked with 3% milk and then probed with anti-FLAG M2-AP antibody (1:1000 dilution).
Membranes were then washed with PBS-T and incubated with Lumi-Phos (Pierce) prior to
exposure to film.

Quantification of Protein Levels. For quantification of western blot samples, dot blot

dilution series were used to determine relative protein levels. The dilution series were performed
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similar to the dilution series for the survey dot blots; 1 pl-aliquots of a half dilution series were
spotted on nitrocellulose membranes adjacent to the dilution series of other samples in the
original western blot. Comparison of spot intensities of the different dilutions series allowed us
to quantify the relative protein levels for each sample.

Northern analysis. Northern analysis was conducted essentially as described (12).
Total RNA was collected from 5 ml of culture by acid-phenol extraction. RNA (5 pg) was
separated on 6% acrylamide gels, transferred to a Zeta-Probe Membrane (Bio-Rad) and probed
with oligonucleotide probes (listed in Table S2) end-labeled with **P-ATP using T4
polynucleotide kinase. Hybridization and wash steps were as described previously.

Primer extension analysis. Primer extension analysis was conducted as described (52).
Total RNA was collected from 5 ml of culture by TRIzol (Invitrogen) extraction.
Oligonucleotide primers (listed in Table S2) end-labeled with **P-ATP using T4 polynucleotide
kinase, were incubated with 5 ug of total RNA, allowed to anneal and then extended with reverse
transcriptase (Life Sciences). To generate a sequence ladder, a PCR fragment encompassing the
corresponding region was generated, and DNA sequencing reactions were carried out using the
SequiTherm EXCEL™ IT DNA sequencing Kit (Epicentre) and the primer used in the primer

extension reaction.
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RESULTS

Small protein levels can be assayed in a high throughput manner. We previously
confirmed the synthesis of 38 proteins of less than 50 amino acids by integrating the sequential
peptide affinity tag (SPA) upstream of the stop codon on the chromosome and assaying for
accumulation by western blot analysis (22). In our initial work we noted that some of the tagged
proteins were expressed under very specific conditions. For example we observed the expected
a-methylglucoside induction of SgrT (45). These observations suggested that the SPA tag did
not interfere with the regulated synthesis of the proteins. We thus decided to examine the levels
of the tagged proteins under a large range of conditions. We were especially interested in
determining if, under specific growth conditions, we could detect synthesis of full-length
proteins that we had not observed in cells grown in rich media in our previous study. These
predicted proteins included five previously annotated ORFs (Tpr, YIcH, DinQ, Yoal, YjjY) and
six ORFs predicted by our bioinformatic assays in the ymjC’-ycjY, ycgl’-minE, ykgD-ykgE, gmr-
rnb, ydjA-sppA, and fabG-acpP intergenic regions (Table S3). We also integrated the SPA tag
upstream of the stop codon of two additional putative small ORFs: ymjB, which was originally
annotated as a small ORF but is likely a pseudogene remnant, and a small ORF predicted to
overlap the 5” end of the pyrG ORF (Table S3).

Due to the high specificity and sensitivity of the a-FLAG antibody, it was possible to
screen accumulation of the 51 proteins mentioned above in a high-throughput manner using dot
blots (Fig. 1, Fig. S1 and Table 1). Based on dilution series of control samples, the dot blot
assays provided a detection range of greater than 1000 fold, depending on the exposure of the
blots. The large dynamic range allowed us to detect changes in protein accumulation of both the

highly expressed small proteins as well as small proteins expressed at much lower levels. To
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reduce the number of false positives due to variations in the assay, only differences of 4-fold or
greater were considered significant. We did not detect the tagged proteins under any condition
for the 11 sORFs for which we had not observed synthesis in our previous study, and also not for
the two putative sORFs tagged specifically for this study. However, we did identify a number of
proteins that were highly induced under specific growth conditions; many of these proteins were
present at barely detectable levels under the previous conditions tested (22).

Small protein levels vary with growth conditions. To determine if any of the small
proteins were expressed differently in minimal medium compared to rich media, protein levels
were assayed during exponential phase growth in LB or M63 media supplemented with 0.2%
glucose or 0.4% glycerol. Five proteins (YccB-SPA, YncL-SPA, YkgO-SPA, YohP-SPA and
IlvX-SPA) were present at four-fold or higher levels in minimal glucose medium compared to
LB medium, while the levels of three proteins (YneM-SPA, YkgR-SPA and Yoel-SPA) were
lower (Fig. 1B). Similar changes in accumulation were observed for the comparison between
growth in glycerol minimal medium and LB, with some differences in the fold changes (Fig.
S1B). Consistent with the observed regulation, the IlvX protein is encoded in the ilvXGEDA
operon, which is induced in minimal media to synthesize isoleucine (42).

To determine if any of the small proteins were expressed differently depending on the
available carbon source, we examined protein levels in cells grown in minimal glucose versus
minimal glycerol medium (Fig. 1C). Four differences were detected. The YkgO-SPA, YnhF-
SPA and AzuC-SPA proteins were all present at lower levels in minimal glycerol-grown cells
compared to minimal glucose-grown cells while YkgR-SPA levels were higher in minimal
glycerol. The observed changes in protein levels could reflect regulation by CRP, a transcription

factor that modulates the expression of hundreds of genes depending on glucose availability (18).
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CRP is able to bind DNA to positively or negatively regulate transcription after it complexes
with cyclic adenosine monophosphate (cAMP), the levels of which increase in response to low
glucose. Therefore, ykgO, ynhF and azuC, for which we observed higher protein levels in
glucose-grown cells, could be repressed by CRP-cAMP. In contrast, CRP could positively
regulate ykgR, for which lower protein levels were detected in glucose-grown cells. Potential
CRP binding sites can be found upstream of azuC and ykgR (see below).

Four proteins (YccB-SPA, YbgT-SPA, YnhF-SPA and YohP-SPA) showed more than 4-
fold higher levels during oxygen-limited growth compared to aerobic growth in rich media (Fig.
S1C). The most dramatic change was for the small protein YccB-SPA, with a greater than 30-
fold increase in protein levels. The yccB gene is in the appCBA operon, which encodes the
subunits of the cytochrome bd-II oxidase. The ybgT gene, a paralog of yccB, is in the cydAB
operon, which encodes cytochrome bd-I oxidase. Transcription of both of these operons has
been shown to be induced during low oxygen conditions (8, 9), and be activated by the ArcA
transcription factor (3, 8) (Table 1). Two proteins (Yoel-SPA and AzuC-SPA) showed reduced
levels under low oxygen conditions, suggesting that synthesis of these proteins is repressed
during oxygen-limited growth.

Levels of small proteins increase upon stress. The synthesis of a number of low
molecular weight proteins in E. coli is regulated upon exposure to stress. The IbpA (15.7 kD)
and IbpB (16.1 kD) proteins accumulate upon heat shock (25, 32), and the Csp family of proteins
(~7 kDa) accumulate in response to a variety of stresses, including cold shock (50, 51). To test
for stress-induced accumulation of our set of small proteins, we assayed the levels of the tagged
proteins after exposure to cell envelope stress, acidic pH, heat shock, cold shock, oxidative

stress, thiol stress, iron starvation and the DNA damaging agent mitomycin C. These stress
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conditions were chosen to sample a broad range of potential stress response pathways and hence
possible small protein functions.

To examine small protein levels in cells undergoing cell envelope stress, cells were
exposed to SDS and EDTA for 1 h, and protein levels were compared to unstressed cells grown
to similar optical densities (Fig. 1D). Four proteins (YkgO-SPA, YneM-SPA, YohP-SPA and
YbgT-SPA) were induced at least 4-fold. Western blots confirmed that the YkgO-SPA and
YneM-SPA proteins accumulated after SDS/EDTA exposure (Fig. 2A). However, the levels of
YkgO-SPA and YneM-SPA were similarly increased when cells were exposed to EDTA alone,
suggesting that both proteins are likely induced in response to a decrease in cations due to
chelation by EDTA. Consistent with our results, yneM transcription was recently found to be
regulated by the two-component regulator PhoP in response to changes in Mg2+ levels (K. Moon
and S. Gottesman, unpublished). Increased levels of YohP-SPA appear to be specific to cells
exposed to both SDS and EDTA, suggesting that YohP is responding to cell envelope stress.
The dot blot results indicated that the YbgT-SPA protein is present at higher levels upon cell
envelope stress, but the levels of the protein were unchanged in the western blot assays.
Similarly according to the dot blots, YkgR-SPA levels were slightly decreased by SDS and
EDTA, but western blot analysis showed that while YkgR-SPA was present at lower levels after
SDS and/or EDTA exposure, the effect was slight. The differences between the dot blot and
western blot assays could be due to the absence of the kanamycin cassette in the tagged strains
used for the western blots, slight variations in growth, or differences between the two assays.

Two proteins (AzuC-SPA and YoaK-SPA) were present at higher levels under acidic (pH
5.5) compared to neutral (pH 7.5) conditions (Fig. 1E); AzuC-SPA was strongly induced, while

induction of YoaK-SPA was more modest (Fig. 2B). The 5’ end of the transcript encoding yoaK
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has not been mapped, but the gene may be encoded in a polycistronic message with the small
gene yoaJ as well as yeaP, a gene encoding a GGDEF domain protein with diguanylate cyclase
activity (39). Confirmation western blots showed that Yoal, but not YoaK, seems to accumulate
to slightly higher levels in acidic media (Fig. 2B). Again the differences in the levels of the Yoal
and YoaK proteins in the two assays could be due to the removal of the kanamycin cassettes
prior to the confirmation western blots, which could alter transcription or translation of other
genes encoded on the same mRNA. Further work is needed to determine if these two small
proteins are co-transcribed and coordinately regulated.

Eleven small proteins (YkgR-SPA, YobF-SPA, YqeL-SPA, Yoal-SPA, YncL-SPA,
YpfM-Spa, YneM-SPA, YobI-SPA, AzuC-SPA, YthA-SPA and YccB-SPA) were found to
accumulate to at least four-fold higher levels after heat shock when cells were shifted from 30°C
to 45°C for 20 min (Fig. 1F). Western blot experiments confirmed the heat shock induction of
all of these proteins (Fig. 2C). However, the one protein that showed reduced levels after heat
shock, YbhT-SPA, did not show the same response in the confirmation western blot assays.
Nine proteins (YkgR-SPA, YobF-SPA, YqeL-SPA, Yoal-SPA, YncL-SPA, YpfM-Spa, YneM-
SPA, YobI-SPA and AzuC-SPA) were induced within 5 min after transfer from 30°C to 45°C,
while two proteins (YthA-SPA and YccB-SPA) only showed induction after extended heat
shock. No ¢* binding sites have been predicted for any of these genes by RegulonDB (40)
(Table 1), though weak sites can be found upstream of ypfM, yneM and yobl (V. Rhodius,
unpublished). Four genes, yobF, ygeL, ythA and yccB, are predicted to be encoded in four
different operons, but the other genes in the operons have no clear relation to heat shock. Two of
the most strongly induced proteins, YkgR and YobF, were selected for further study (see below).

In contrast to heat shock, no proteins were induced more than two-fold by cold shock (Fig. S1D),
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suggesting that none of the small proteins tested are involved in the cold shock stress response.
In fact, one heat shock induced protein, YkgR-SPA, was strongly repressed after cold shock,
suggesting that it may be detrimental during cold stress conditions.

To identify small proteins induced by oxidative stress, exponential phase cells were
exposed to hydrogen peroxide for 30 min and protein levels were compared with those in non-
stressed cells. Two proteins (YohP-SPA and AzuC-SPA) were induced ~4-fold by hydrogen
peroxide treatment, and YkgR-SPA levels were reduced ~4-fold (Fig. S1E). In a related
experiment, cells were exposed to the thiol oxidant diamide for 30 min (Fig. S1F). Diamide-
stressed cells showed increased levels of three proteins (AzuC-SPA, YkgR-SPA and YoaK-SPA)
as well as decreased levels of three proteins (YneM-SPA, YpdK-SPA and Yoal-SPA).
Interestingly, there was little overlap in small protein accumulation when comparing oxidative
stress caused by hydrogen peroxide and thiol stress caused by diamide; only AzuC-SPA was
induced by both stresses. In contrast, the treatments had opposite effects on the levels of YkgR-
SPA.

The levels of the tagged proteins were essentially unchanged after 1 h of dipyridyl
treatment to induce iron starvation (data not shown). Similarly, exposure to the DNA damaging
agent mitomycin C for 30 min did not significantly change the accumulation of any of the small
proteins (data not shown).

ykgM-ykgO is repressed by Zur. Five small proteins showed increased levels in cells
grown in minimal glucose medium compared to cells grown in rich medium. One of the most
highly induced proteins was YkgO, a paralog of the ribosomal protein RpmJ. We had observed
induction of YkgO-SPA in minimal media in our previous study, and hypothesized that this

effect was due to the regulation of the ykgM-ykgO operon by the Zur repressor (22). Zur, a
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transcription factor found in many species of bacteria, regulates gene expression in response to
zinc levels (34). DNA binding by Zur requires zinc; during zinc-depleted conditions, Zur is
released from the DNA, allowing transcription of repressed genes. The minimal media used in
our experiments does not contain added zinc and we also observed strong induction of YkgO-
SPA when cells were treated with EDTA, consistent with our prediction that the high levels of
YkgO-SPA in cells grown in minimal medium might be due to Zur derepression. A previous
bioinformatic search for Zur binding sites in E. coli identified a potential binding site
overlapping the transcription start of the ykgM-ykgO operon of E. coli (34) (Fig. 3A). To test
whether the induction was in fact zinc-dependent, we added zinc to the media and found that
vkgM-ykgO-SPA mRNA levels and YkgO-SPA protein levels were strongly repressed by zinc
(Fig. 3B). In contrast, the levels of both the mRNA and protein were high in the presence of zinc
in a Azur background. These data confirm the predicted Zur repression of the ykgM-ykgO
operon. We noted that YkgO-SPA levels were high in both exponential and stationary phase
with the Azur mutant, but only detected high levels of the protein in stationary phase zur* cells
grown in minimal media. A likely explanation for these observations is the presence of trace
amounts of zinc in the minimal media used for these experiments; this level could be sufficient to
repress ykgM-ykgO at low cell density but becomes limiting by stationary phase, allowing YkgO
to be expressed in a majority of the cells. Consistent with this possibility, there was some
variation in YkgO-SPA levels in exponential phase cells grown in minimal media, while YkgO-
SPA levels were consistently high in stationary phase cells (data not shown).

azuC is repressed by CRP. Three proteins were present at higher levels in minimal
glucose medium as compared to minimal glycerol medium, suggesting that their synthesis may

be repressed by the CRP transcription factor. One of these, AzuC, a basic (pKa = 10.3), 28
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amino acid protein predicted to form an amphipathic a-helix by HeliQuest (15), is encoded by a
transcript that was first identified as the ISO92 small RNA (6). The start of the azuC transcript
was mapped to 42 nt upstream of the azuC AUG by primer extension (Fig. S2). Two locations
within the promoter region contain DNA sequences similar to CRP DNA binding sites (26); one
immediately upstream of the -35 hexamer and the other overlapping the -10 hexamer (Fig. 4A).
Binding of CRP to the putative downstream site would be expected to repress transcription
initiation. Consistent with this prediction, deletion of the crp gene eliminated the carbon source
regulation, resulting in similar levels of AzuC synthesis when cells were grown in media
containing glucose or glycerol (Fig. 4B).

In addition to being repressed by CRP, AzuC-SPA levels were repressed under low
oxygen conditions, moderately induced during heat shock, oxidative stress and thiol stress and
substantially elevated during growth in acidic medium. The strong acid induction is also
reflected in increased azuC-SPA mRNA levels (Fig. 5A). These observations suggested that
CRP repression is alleviated upon acid stress or that other DNA binding proteins regulate azuC
transcription. Alternatively, azuC mRNA levels might be subject to post-transcriptional
regulation. To test if azuC induction by low pH occurs at a transcriptional or post-transcriptional
level, we generated transcriptional and translational SPA fusions on the chromosome in which
the azuC ORF was replaced with the SPA tag sequence, beginning with an ATG at the second
codon of the tag sequence. For the transcriptional fusion, the azuC 5’ UTR was also replaced
with the MCS 5’ UTR from the pBAD24 plasmid. Although the relative levels of the SPA
peptide were different when expressed from different constructs, the levels from both azuC
constructs were elevated during growth in acidic media, but not from a control fusion to the ykgR

promoter (Fig. 5B). Quantification of relative protein levels of the fusions showed that the fold
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difference between neutral and acidic-grown cells is ~8 fold for the full-length fusion, ~4 fold for
the transcriptional fusion and ~8 fold for the translational fusion (Fig S4A). These results
indicate that at least part of the acid induction occurs at both the transcriptional and post-
transcriptional levels.

To examine the contribution of CRP as well as known transcriptional regulators of the E.
coli responses to acidic conditions, we assayed AzuC-SPA levels in wild-type, Acrp, ArpoS,
AgadXW, AgadE and AcadC cells exposed to pH 5.5 (Fig. 5C). No difference in the fold of
AzuC-SPA accumulation was detected between the wild type, ArpoS, AgadXW, AgadE and
AcadC cells (~30-fold). In contrast, the degree of AzuC-SPA induction in acidic media
compared to neutral media was reduced in a Acrp background (~4-fold) (Fig S4B). These results
suggest that CRP regulation contributes to the pH-dependent regulation of AzuC levels, most
likely by repressing AzuC transcription in neutral media, but that there is also an as yet
unidentified transcriptional regulator of azuC induction in acidic medium. In contrast to the
strains carrying the full-length, transcriptional and translational fusions described above, the
kanamycin cassette associated with the azuC-SPA allele was flipped out in the strains assayed in
Fig. 5C and S4B, and we consistently observed higher fold changes for the AzuC-SPA fusion in
strains lacking the kanamycin cassette.

ykgR is activated by CRP. The dot blot assays showed that YkgR-SPA levels are higher
in media containing glycerol than glucose, suggesting that CRP could activate ykgR
transcription. Again primer extension analysis was used to map the start of the ykgR mRNA to a
single transcriptional start site 43 nt upstream of the ykgR AUG (Fig. S2). While a potential -10
sequence was noted, the promoter lacked a potential -35 sequence (Fig. 6A). However, a

potential CRP binding site could be found centered ~41 nucleotides upstream of the
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transcriptional start, suggesting that the ykgR promoter may be a class Il CRP-dependent
promoter (27). At class II promoters, where the CRP binding site overlaps the -35 region and
RNA polymerase makes DNA contacts upstream and downstream of CRP, there is generally a
poor match to the consensus -35 sequence. Assays of YkgR-SPA synthesis in a Acrp mutant
confirmed that high levels of YkgR synthesis in minimal glycerol medium at 37°C are dependent
on CRP (Fig. 6B). Although the ykgR-SPA transcript was barely detectable, the levels were
higher for cells grown in minimal glycerol medium compared to minimal glucose medium and
this difference was CRP-dependent (Fig. 6B).

In addition to being activated by CRP, YkgR-SPA accumulation was strongly elevated
upon heat shock (Fig. 7A). The levels of the ykgR-SPA mRNA were similarly induced upon a
shift to 45°C in the wild-type strain, though no transcript could be detected without or with heat
shock in the Acrp mutant strain (data not shown). To test if ykgR heat shock induction occurs at
a transcriptional or post-transcriptional level, we generated SPA-fusion strains similar to those
used to examine azuC expression. A transcriptional fusion was constructed in which the ykgR 5’
UTR was replaced on the chromosome by the pPBAD24 MCS 5’ UTR and the ykgR ORF was
replaced by the SPA tag sequence. For the translational fusion only the ykgR ORF was replaced
by the SPA sequence. Heat shock led to similarly increased levels of the SPA tag from both
fusions (Fig. 7B), suggesting that ykgR transcription is induced by heat shock. The genes of
most heat shock-induced proteins are transcribed by the heat shock factor o or the cell
envelope stress regulator c" (1, 19). However, overexpression of neither o2 nor " from a
plasmid led to YkgR-SPA induction (Fig. 7C). YkgR-SPA levels were also unchanged in ArseA
cells that lack the o© anti-sigma factor and thus have elevated levels of c® (data not shown), as

well as in an rpoS mutant strain (Fig. 7C). These data indicate that ykgR induction is not
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regulated by these alternate ¢ factors, consistent with an absence of recognizable binding sites
upstream of the ykgR transcriptional start site. In addition, the results suggest that ykgR heat
shock induction is regulated by redundant or as-yet unidentified mechanisms.

Heat shock induction of YobF occurs at a post-transcriptional level. The levels of
the YobF-SPA protein were also strongly induced by heat shock (Fig. 2C). Primer extension
analysis showed that the yobF-cspC mRNA was transcribed from two different promoters
mapping 25-26 nt and 202 nt upstream of the yobF AUG (Fig. 8A, Fig. S2). However, in
contrast to ykgR, Northern analysis of the yobF-cspC operon after heat shock showed that
elevated temperature did not lead to increased levels of the mRNA (Fig. 8B). Together, these
data suggest that YobF heat shock induction occurs at a post-transcriptional level.

YobF-SPA accumulation after heat shock could be due to a decrease in degradation.
However, there were no changes in YobF-SPA levels in AclpP, AclpQ and AclpY mutant strains
indicating that YobF is not a substrate for these proteases (data not shown). YobF is a substrate
for the Lon protease, but YobF-SPA levels still increase upon heat shock in a Alon mutant (Fig.
8C). The possibility that YobF is a substrate of yet another protease cannot be ruled out.
Another plausible explanation for the observed heat shock induction is occlusion of the ribosome
binding site by mRNA secondary structure which is melted at higher temperatures as has been
observed for 5’ UTRs that function as RNA thermometers (reviewed in reference (33)). The
yobF-cspC mRNA with either 5 end is predicted to be highly structured and this structure may
inhibit translation of the YobF protein (Fig. S3). In previous studies we noted a potential region
of basepairing between the hydrogen peroxide-induced OxyS small RNA and yobF in a region
overlapping the ribosome binding site (indicated in Fig. 8 A) and showed that plasmid-expressed

OxyS led to significantly decreased yobFF mRNA levels (44). We found that while endogenous
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OxyS did not affect YobF-SPA levels under normal conditions (data not shown), the small RNA
did inhibit heat shock induction (Fig. 8D). If added immediately prior to heat shock, hydrogen
peroxide exposure reduced the level of YobF-SPA accumulation in an OxyS-dependent manner.
These data are consistent with the hypothesis that the 5’-UTR of the yobF transcript is generally
occluded in a secondary structure during normal growth, that this second structure unfolds upon
heat shock, and that heat shock-dependent unfolding of the yobF-cspC operon facilitates OxyS
repression of YobF translation. Hydrogen peroxide exposure is associated with a decrease in the
levels of yobF-cspC transcript in wild-type cells but not in the AoxyS mutant strain, consistent

with the assumption that OxyS promotes some degradation of the yobF-cspC mRNA.
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DISCUSSION

The number of small proteins is not known for the proteome of any organism. A survey
of the literature shows the smallest proteins identified in most proteomics analyses in E. coli are
around 10 kDa (21), in contrast to the 2-5 kDa small proteins described in this work. In a
previous study, we showed that the E. coli K-12 genome encodes many more expressed small
proteins than had previously been predicted. Given that even less is known about the regulation
of small protein accumulation in E. coli and other organisms, we determined the levels of 51
confirmed and putative small proteins under a variety of growth conditions. We found many
show media- and stress-dependent regulation.

Of the 51 proteins tested, 21 were induced under at least one of the conditions tested.
Although these results show that the accumulation of many small proteins is subject to regulation
in response to environmental conditions, it is important to note possible limitations of these
experiments. Each of these small proteins is expressed as a chimeric protein with a C-terminal
SPA tag that is larger than the endogenous protein. The presence of this tag could potentially
inhibit normal regulation at the transcriptional, translational or post-translational level. The fact
that we observed previously predicted regulation, such as low oxygen induction of YbgT and
YccB, and observed the same regulation with the endogenous and tagged ykgR and yobF-cspC
transcripts (data not shown), suggest that the C-terminal SPA tag probably does not alter the
native regulation of most of the small proteins. It is also possible that some regulation may have
been missed because of the background levels of the SPA fragment we observed for a subset of
the proteins (22). High levels of this fragment could mask changes in levels of the full-length
protein in the initial dot blot assays. However, it is difficult to imagine a situation in which the

SPA tag leads to new regulation not associated with the native protein, and it is therefore likely
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that the examples of regulation observed in this study accurately reflect that imposed on the
endogenous proteins.

Transcription of some small protein genes is regulated by specific DNA binding
proteins. Information about the transcriptional regulation of E. coli operons encoding some of
the small proteins is available. Of the small proteins examined in this study, four show
regulation consistent with previously predicted transcriptional regulation of the corresponding
operons. The synthesis of two small proteins, YbgT and YccB, which are encoded in
cytochrome oxidase operons with ArcA-dependent activation (3, 8), was induced by low oxygen
growth conditions as would be expected. Interestingly, the appCB-yccB-appA operon has been
suggested to be non-functional based on the inability of the operon to complement a cytochrome
oxidase mutant for aerobic growth on succinate-containing media (41). Rather than being
nonfunctional, the dramatic induction of YccB levels during growth in low oxygen (~30-fold)
compared to aerobic conditions suggests that the appABC cytochrome oxidase may only be
functioning during low oxygen conditions, in contrast to the two other cytochrome oxidases in E.
coli. The small protein IlvX, which is encoded in the ilvXGMEDA isoleucine biosynthesis
operon regulated by Lrp (35), shows the expected increase in protein levels in cells grown in
minimal media (~8 fold). Finally, the ykgMO operon was predicted to be regulated by the Zur
transcription factor (34); a prediction that was substantiated by the observed effects of zinc and a
Azur deletion. A recent microarray study of genes induced by zinc-depletion (17) identified
vkgM as a zinc-repressed gene, but did not report on ykgO as the microarray did not include
probes for the smaller gene. YtiA, a Bacillus subtilis ortholog of YkgM has also recently been

shown to be regulated by zinc through Zur (13).

24

6002 '0€ Jaqwiaidas uo g1 HLTVIH 4O LSNI LN Je o wse gl woiy papeojumoq


http://jb.asm.org

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

In addition to confirming predicted regulation of small protein expression, we observed
new transcriptional regulation. We showed that CRP regulates the synthesis of at least two small
proteins: repressing azuC and activating ykgR. We also found that azuC transcription is induced
in acidic medium and ykgR transcription is induced by heat shock, but noted that previously
characterized transcriptional regulators of the acid and heat shock responses were not responsible
for the induction of these genes. Possibly there is redundancy in the transcriptional regulators
needed for the induction. Alternately, azuC and ykgR may be induced by other regulators that
were previously not associated with the acid and heat shock responses. A final possibility is that
CRP activity is altered under acid and heat shock stress conditions, and that this is responsible
for the changes in AzuC and YkgR levels. In fact, the difference between AzuC-SPA levels in
neutral and acidic media is reduced in the crp mutant. Little is known about the effect of acid
and heat stress on cAMP levels and CRP activity, but it has been shown that the expression of
other acid stress genes (gadA and gadBC) (5) and heat shock genes (hslS, hsIT, and hipG) (16) is
altered in crp mutant strains.

Stress induction of some small proteins occurs at a post-transcriptional level. There
was little information about possible transcriptional regulation for small proteins not encoded in
operons or encoded in operons of unknown function. Many of these genes were only recently
annotated and would have been missed in microarray analyses carried out using gene-specific
probes. It is also possible that the accumulation of some proteins is regulated at the level of
translation or protein stability and thus would have been missed in the surveys of transcriptional
responses to stress. We obtained evidence that the heat shock induction of YobF occurs at the
post-transcriptional level. One potential mechanism for the post-transcriptional heat shock

induction of proteins is the melting of temperature-sensitive RNA stems that occlude the
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ribosome binding site at normal temperatures (46). Consistent with this model, the yobF-cspC
mRNA leaders are predicted to fold into a secondary structure that could block ribosome binding
(Fig. S3). It is noteworthy that the predicted ribosome yobF binding site is unusually far
removed from the AUG (13 nucleotide spacer), another factor that could impact the heat shock
regulation of YobF synthesis. The findings that the yobF-cspC transcript is the target of the
OxyS small RNA and that YobF-SPA is a substrate of the Lon protease, support the conclusion
that YobF accumulation is subject to significant post-transcriptional control.

We suggest that still other small proteins are subject to post-transcriptional regulation.
M-fold predictions (53) of the 5’UTRs of at least one other heat shock induced protein, YqeL,
showed that this coding sequence may be preceded by structures reminiscent of a 4U-like motif,
a temperature-sensitive RNA structure where the ribosome binding site is paired with four
uridine nucleotides (47). If RNA melting contributes to YgeL induction and possibly other small
proteins, this would allow for a rapid increase in protein synthesis in response to the stress.
Another possibility is that other small heat shock-induced proteins besides YobF are protease
targets, and that they accumulate after heat shock because the proteases are being overwhelmed
with other unfolded protein substrates. An examination of the small protein levels in protease
mutants will be valuable for discerning whether this regulation contributes to the heat shock
induction.

Possible roles of small proteins in stress responses. Nineteen of the proteins that were
found to be induced under specific conditions are predicted to contain single transmembrane
helices, and many of these have been shown to fractionate with the cell membrane (22). For
these proteins, it is tempting to speculate that they could interact with the inner membrane under

conditions of slow growth or stress and thus modulate the function of other transmembrane
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proteins, affect membrane permeability or serve a stabilizing role in the membrane. Other stress-
inducible proteins could be acting as chaperones or facilitate protein degradation upon stress
exposure; roles that have been determined for IbpA and IbpB (32). Yet another possibility is that
some of the proteins are of prophage origin. The heat shock-induced YthA protein is predicted
to be encoded in the yjhB-yjhC-ythA operon, which is flanked by IS elements and shows no
conservation outside of E. coli. Phage-related proteins often accumulate under stress conditions,
presumably so that the prophage can become lytic (36). One might imagine that small
hydrophobic proteins such as YthA could be descended from small transmembrane holin
proteins used by phage to lyse the bacteria host.

In a separate but complementary study, mutants carrying bar-coded deletions of the genes
encoding the small proteins were screened for sensitivity to cell envelope and acid stress in
large-scale competition experiments (23). Surprisingly, there was little overlap between the
regulation we observed and the phenotypes of the deletion strains. This discrepancy may be due
to the fact that the conditions used in the competition assays were different from those used for
the studies described here. Contrary to the short-term and relatively mild exposure to stress used
for these expression assays, the survival assays described by Hobbs et al. consisted of a long
term exposure to SDS/EDTA and treatment with extreme acid (pH 1.8). It is possible that the
stress-induced small proteins identified in the studies described here are not involved in more
severe stress conditions as tested in the competition studies. Alternatively, some of the small
proteins may have functions that are redundant with other stress response proteins. The limited
convergence between the two approaches highlights the importance of carrying out multiple

methodologies in characterizing these small proteins of unknown function.
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The results presented here show that E. coli contains many stress-induced proteins that
were missed using classical biochemical techniques. Given the lack of probes for these genes on
most microarrays, the genes also were not assayed in whole genome expression surveys to
characterize the regulons of well-studied global transcriptional regulators such as Crp (16).
Based on these and other findings, it is clear that small proteins and the genes that encode them
need to be taken into consideration when designing future experiments. In addition, information
about the accumulation of the small proteins can set the stage for further functional
characterization, pointing to growth conditions best suited for biochemical assays such as co-

purification as well as for phenotypic assays of mutant strains.
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FIGURE LEGENDS
FIG. 1. Dot blot analysis of small protein levels under different growth conditions. (A) Diagram
of spotting pattern. Each tagged protein is assayed under two conditions; designated (+) or (-).
A two-fold dilution series for YbgT-SPA from cells grown in LB is at the bottom of each blot,
with a final dilution of 1:2048. Predicted, unannotated ORFs for which we had not previously
seen full-length protein expression are designated ORF1-7: ORF1=ymjC’-ycjY, ORF2=ycgl -
minE, ORF3=ykgD-ykgE, ORF4=gmr-rnb, ORF5=ydjA-sppA, ORF6=fabG-acpP, ORFT7=pyrG-
mazG (Table S3). (B) Dot blot of protein levels in LB (-) versus minimal glucose media (+). (C)
Dot blot of protein levels in minimal glucose (-) versus minimal glycerol media (+). (D) Dot blot
of protein levels in LB (-) or LB + 0.025% SDS + 1 mM EDTA (+). (E) Dot blot of protein
levels in LB MOPS (pH 7.5) (-) or LB MES (pH 5.5) (+). (F) Dot blot of protein levels in LB at
30°C (-) or after transfer to 45°C (+). A longer exposure of this dot blot is presented in Fig. S2
shows the changes in the less abundant small proteins after heat shock. In all cases, strains were
grown as 5 ml cultures in 50 ml Falcon tubes. With the exception of the cultures exposed to heat
shock, all cells were grown at 37°C. Cells were collected and samples were analyzed by dot
blots as described in Materials and Methods. Proteins whose expression is induced under the +
condition are boxed in blue, while proteins whose expression is reduced under the + condition

are boxed in red.

FIG. 2. Western blot analysis of small protein levels. (A) Proteins induced by SDS and/or
EDTA exposure. Cells grown overnight in LB were diluted into 30 ml of LB and grown to
ODggo = 0.2-0.3. Cultures were then split into five 5-ml aliquots and exposed to water, 0.025%

SDS, 1 mM EDTA or 0.025% SDS and 1 mM EDTA. Cells were harvested before stress (T0)

37

6002 '0€ Jaqwiaidas uo g1 HLTVIH 4O LSNI LN Je o wse gl woiy papeojumoq


http://jb.asm.org

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

and at ODggp =1.2-1.7. (B) Proteins induced by acidic conditions. Cells grown overnight in LB
were diluted into 30 ml of either LB MOPS (pH 7.5) or LB MES (pH 5.5) and harvested at
ODgp = 0.3-0.4. (C) Proteins induced by heat shock. Cells grown overnight in LB at 30°C
were diluted into 30 ml of LB and grown at 30°C to ODg = 0.4. Cultures were then split into
three 10-ml aliquots. One set of samples was transferred to 45°C while the other half was kept at
30°C. Cells were harvested before transfer (T0O) as well as 5 and 20 min after transfer. Western
blot analysis using anti-FLAG, alkaline phosphatase-conjugated antibodies was carried out with
whole-cell extracts harvested from the cultures above. Star (*) denotes the band corresponding
to the fusion protein. Exposure times were optimized for each panel for visualization here;

therefore, the signal intensity shown does not indicate relative abundance between proteins.

FIG. 3. Zur repression of ykgO. (A) Sequence of ykgM-ykgO promoter and coding region. The
+1 of transcription (24) is denoted with an arrow. Potential c"°-10 and -35 sequences are
indicated in bold, and the predicted Zur binding site is boxed. (B) ykgO-SPA mRNA (top) and
YkgO-SPA protein (bottom) levels in MG1655 and Azur cells grown in minimal glucose
medium with (+) or without (-) zinc. Overnight cultures were grown up in M63 containing 0.2%
glucose and 100 uM zinc acetate. Cells were washed twice in M63 containing 0.2% glucose and
diluted into M63 glucose media lacking or containing 100 uM zinc acetate. Cells were harvested
at exponential (E) and stationary (S) phase and tested for ykgO-SPA expression and YkgO-SPA
synthesis. For the Northern analysis, total RNA (5 pg of each sample) was separated on a 6%
acrylamide gel. RNA was transferred to nitrocellulose and probed with an end-labeled
oligonucleotide complementary to the ykgO ORF. The band runs at ~600 nucleotides, consistent

with the expected size of the ykgM-ykgO-SPA transcript. Western blot analysis was performed as
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stated for Fig. 2. Star (*) denotes band corresponding to the full-length SPA-tagged YkgO

protein.

FIG. 4. CRP repression of azuC. (A) Sequence of the azuC promoter and coding region. The +1
of transcription (position 1986025 of the E. coli K-12 genome) is denoted with an arrow.
Potential 6" -10 and -35 sequences are indicated in bold and the predicted CRP binding sites are
boxed. (B) azuC-SPA mRNA (top) and AzuC-SPA protein (bottom) levels in MG1655 and
Acrp cells grown in minimal glucose (glu) and minimal glycerol (gly) medium supplemented
with 0.2% casamino acids and 0.0005% vitamin B1. M63 glucose and M63 glycerol cultures (30
ml inoculated with overnight cultures grown in the respective medium) were grown at 37°C to
ODgoo = 0.3-0.4. Northern analysis was performed as described in Fig. 3. The RNA band runs at
~400 nucleotides, consistent with the expected size of the azuC-SPA transcript. Western blot
analysis was performed as stated for Fig. 2. Star (*) denotes band corresponding to the full-

length SPA-tagged AzuC protein.

FIG. 5. Acid induction of azuC. (A) azuC mRNA (top) and AzuC-SPA protein (bottom) levels
in MG1655 in LB, minimal glucose (glu) and minimal glycerol (gly) medium buffered at pH 7.6
or 5.6. The RNA band runs at ~400 nucleotides, consistent with the expected size of the azuC-
SPA transcript. Cells were diluted into the respective medium from overnight cultures grown in
LB. (B) Acid induction of azuC transcriptional and translational fusions. Extracts from strains
containing the SPA-tagged azuC allele (azuC-SPA), a transcriptional fusion to the azuC
promoter (P,,,c-5’+SPA), a translational fusion to the azuC promoter and 5° UTR (P45’ uc-

SPA) or a control transcriptional fusion to the ykgR promoter (Py,r-5"+SPA) were probed for
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SPA expression in LB MOPS (pH 7.5) and LB MES (pH 5.5). In the transcriptional fusions, the
azuC and ykgR 5° UTRs were replaced by the MCS 5° UTR from pBAD24 and the ORFs were
replaced by the SPA tag. In the translational fusion, the azuC ORF was just replaced by the SPA
tag (see Materials and Methods). Cultures grown overnight in LB were diluted into 10 ml LB
MOPS (pH 7.6) or LB MES (pH 5.6), and cells were harvested at ODgoy = 0.45-0.6. (C) AzuC-
SPA expression in wild-type and mutant cells grown in neutral and acidic media. Cultures
grown overnight in LB were diluted into 5 ml LB MOPS (pH 7.6) or LB MES (pH 5.6), and cells
were harvested at ODgyp = 0.45-0.6. Northern analysis was performed as described in Fig. 3.
Western blot analysis was performed as stated for Fig. 2. A single star (*) denotes band
corresponding to the full-length SPA-tagged AzuC protein, and a double star (**) denotes band

corresponding to the SPA peptide.

FIG. 6. CRP activation of ykgR. (A) Sequence of the ykgR promoter and coding region. The
+1 of transcription (position 312510 of the E. coli K-12 genome) is denoted with an arrow. A
potential 610 sequence is indicated in bold and the predicted CRP binding site is boxed. (B)
Primer extension analysis of ykgR-SPA mRNA (top) and western blot analysis of YkgR-SPA
protein (bottom) levels in MG1655 and Acrp cells grown in minimal glucose (glu) and minimal
glycerol (gly) medium supplemented with 0.2% caseamino acids and 0.0005% vitamin B1. M63
glucose and M63 glycerol cultures (inoculated from overnight cultures grown in the respective
medium) were grown at 37°C to ODggo = 0.3-0.4. Primer extension assays were conducted using
5 pg total RNA of each sample and an end-labeled oligonucleotide complementary to the ykgR

ORF. Western blot analysis was performed as stated for Fig. 2. Star (*) denotes band
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corresponding to the full-length SPA-tagged YkgR protein.

FIG. 7. Heat shock induction of ykgR. (A) Primer extension analysis of ykgR-SPA mRNA (top)
and western blot analysis of YkgR-SPA protein (bottom) levels in MG1655 without and with
heat shock. 30-ml LB, M63 glucose or M63 glycerol cultures were inoculated a dilution of
overnight LB cultures and grown to ODggp = 0.3-0.4 before being split into three 10-ml aliquots.
Two aliquots were kept at 30°C while the other was incubated at 45°C. Cells were harvested
before transfer (TO) and after 20 min (30°C or 45°C). (B) Heat shock induction of ykgR
transcriptional and translational fusions. Extracts from strains containing the SPA-tagged ykgR
allele (ykgR-SPA), a transcriptional fusion to the ykgR promoter (Py.z-5’+SPA), a translational
fusion to the ykgR promoter and 5° UTR (P+54oz-SPA) or a control transcriptional fusion to the
azuC promoter (P,,,c-5’+SPA) were probed for SPA expression in cells without or with heat
shock. In the transcriptional fusions, the ykgR and azuC 5° UTRs were replaced by the MCS 5’
UTR from pBAD24 and the ORFs were replaced by the SPA tag. In the translational fusion, the
yvkgR ORF was replaced by the SPA tag. Cultures grown overnight in LB were diluted into 30
ml LB and grown to ODgop = 0.4-0.5 before being split into two 10-ml aliquots. One aliquot was
kept at 30°C while the other was incubated at 45°C. (C) YkgR-SPA expression in wild-type cells
and cells with altered sigma factor levels. YkgR-SPA levels were assayed in wild-type and
ArpoS cells without and with heat shock, as well as in ykgR-SPA cells in which o' or 6*
synthesis was induced by the addition of IPTG to half of the sample. MG1655 and ArpoS cells
grown overnight in LB were diluted into 30 ml LB and incubated at 30°C until ODggo = 0.4.

Cultures were then split into two 10-ml aliquots. One set of samples was transferred to 45°C

while the other was kept at 30°C. Cells were harvested before transfer (T0) and after 20 min
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induction (30°C and 45°C). YkgR-SPA cells containing rpoH (pSAKTtrc) and rpoE (pCL245)
overexpression plasmids were grown overnight in LB + 100 pg/ml carbenicillin and were diluted
into 30 ml LB + 100 pg/ml carbenicillin. At ODggo = 0.4, cultures were split into two 10-ml
aliquots, and sigma factor expression was induced in one set of samples by adding IPTG to 1
mM. Cells were harvested before induction (T0) and 20 min after induction (- and +). Primer
extension assays were as conducted as described in Fig. 6. Western blot analysis was performed
as stated for Fig. 2. A single star (*) denotes band corresponding to the full-length SPA-tagged

YkgR protein, and a double star (**) denotes band corresponding to the SPA peptide.

FIG. 8. Post-transcriptional heat shock induction of YobF. (A) Sequence of the yobF-cspC
promoter and coding region. The +1 of both the longer transcript (position 1905817 of the E.
coli K12 genome) and the shorter transcript (position 1996212 of the E. coli K12 genome) are
denoted by arrows. Possible o binding sites are indicated in bold, and nucleotides that are
predicted to base pair with the OxyS small RNA are denoted with dots. (B) yobF-cspC mRNA
(top) and YobF-SPA protein (bottom) levels in cells exposed to heat shock. Samples were treated
as in Fig. 7A. Cells were harvested before transfer (T0) and after 20 min at 30°C or 45°C. (C)
YobF-SPA levels in a Alon mutant strain. Again cell were harvested from samples kept at 30°C
or 45°C for 20 min or before transfer (T0). (D) YobF heat shock induction with and without
hydrogen peroxide exposure in MG1655 and an AoxyS mutant. Heat shock induction was
conducted as described for (C), except that in some cases, hydrogen peroxide was added to the
cells to a final concentration of 250 uM, 10 min prior to heat shock. Northern analysis was
performed as described in Fig. 3. The prominent smaller RNA band runs at ~600 nucleotides,

consistent with the expected size of the shorter yobF-SPA transcript. Western blot analysis was
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892

performed as stated for Fig. 2. Star (*) denotes band corresponding to the full-length SPA-tagged

YobF protein.
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Table 1

Protein”
YpftM
YccB
YncL
YneM
YbgT
YkgO
YqgB
YnhF
YthA

YobI
YqeL
YohP
YkgR

IvX
YoaJ
YpdK
YoaK

Yoel
YbhT
AzuC
YobF

Minimal
LB vs Glucose vs
Minimal Minimal  Aerobicvs  Mock vs pH7.5vs 30aC vs 37aC vs Mock vs Mock vs
Glucose Glycerol Low Oxygen SDS+EDTA pH 5.5 456C 10aC H,0. Diamide l\ﬁp" RegulonDB*
++ monocistronic none
++ +h+ttd ++ appAB-yccB-appC &, 6”°, AppY, ArcA
++ +++ monocistronic none
- ++ ++ - monocistronic none
i+t ++ cydAB-ybgTE 6", ArcA, Fnr, FruR, HNS
bt — e ykgMO ¢, Zur
- YyqgB-speAB none
- ++ monocistronic none
++ YjhBC-ythA none
++ monocistronic NL
++ yqeKL none
i+t ++i+ ++ ++ monocistronic NL
f— ++ aan bbbt —— - ++ monocistronic NL
e ilvXGMEDA o, Lrp, IHF
++ ++ yeaP-yoaKJ none
-_— monocistronic NL
++ - yeaP-yoaKJ none
- - yoel-yeeF none
- monocistronic none
— - ++ +++ ++ ++ in IsrB sSRNA NL
++ yobF-cspC none

“All small proteins that had at least a 4-fold change in protein levels in at least one experiment are listed
“Predicted operonic organization of short ORFs
“Transcriptional regulators listed in RegulonDB that are upstream of either the short ORF or the first gene in the operon; NL: not listed
“Each (+) indicates a two-fold increase in protein expression in cells grown under the second condition compared to the first condition

“Each (-) indicates a two-fold decrease in protein expression in cells grown under the second condition compared to the first condition

893
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A

AAAATTCCAC ATCCACAAAG
GGATGAGCAT GTATCTTTAT

ATGAAGCCCA ATATCCATCC
M K P N I H P
CAGTGTTGAT GAGTACTTTA
S V. D E Y F K
AGATTGAGCT GGATGGCGTA
I E L D G V
TCTAAATCGC ACCCGTTCTA
S K S§ H P F Y
AGGAAATGTT GCACGATTCA
G NV A R F T
AAAAGGGGGC GTGATGAAAG
K G A *M K V
GCCATCCAGA CTGTCAGATT
H P D cC QI
TGTAAATCTA ATCCACGTTT
C K § N P R F
TTGATTCAAA ATTCGACGGA
*

AGTCACAGGG

ATTGAGTGTT

GAAATGATCC

GGTTATGTTA

TAACATAACA

GGTARAAATG

TGAGTATCGT
E Y R
AAATCGGCTC

I

G S

ACGTATCCAT
T Y P Y
TACAGGGAAG
T G K
CCCAACGTTT

Q

R F

TTCTTAACTC
L N S
GTGAAGCGAA
V K R K
TAAGGCCGTT
K AV
TTAACGATAT

MG1655

ACTGTGGTGT
T vV V F
GACTATCAAA
T I K
ACGTGACAAT
vV T I
CTGAGAACAG
L R T V
TGGTCGTTTT
G R F
TCTGCGTACC
L R T
AAGGACGGCT
G R L
CAGGGTCGTA
Q G R K
TTGTCTGATT

Azur

E

S

+
E

+
S

TCCACGACAC
H D T
ACAGACCGTG
T D R E
TGATGTCTCT
D V s
TGGCATCAGA
A S E
GTTAGCACGA
Vv 8§ T K
GCAAAAGAAC
A K E R
ATATGTGATT
Y v I
AGAAAAAACG
K K R
AATAATCAGA

+ + 2Zn

E S

ykgMO-SPA

YkgO-SPA

LA M
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AACATTARAG GGGTATTTAT GTGAI'TTGTA [TCACA[FAAAG ATTGATTTTT
GTGAIGGTTG [TCATAI'TATA AGCGC?AAGA CAATAACACC TGTATAACAA

ATGGTCGGAG TGCCGCGATG AAACTGCGCA AAATCCTGAA AAGTATGTTC
M K L R K I L K S M F
AATAACTATT GCAAGACGTT CAAAGACGTA CCGCCAGGCA ATATGTTCCG
N NY C K TVF KDV PP GN M F R
ATAACAAAAA ACCTGCTCCG GCAGGTTTTT TTGTGTCCTG ATGACGGTGG
*

MG1655 Acrp

2 = 2 2=
o (=] (=2 (=]
azuC-SPA | -

AzuC-SPA | s e | K
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A

TTCAAATTITG TGATACATGT CAAARAATTG GTTGACCAAA CTCGTTATTT

ATATAAG%GC ACTTACGAAG TGCACTCTTT TTTAAAGCGA GGAAGTACCA

ATGAAAGAGA ATAAAGTACA GCAAATCAGT CATAAACTGA TTAATATCGT
M K E N K V Q Q I S H K L I N I V
TGTTTTTGTC GCAATTGTAG AATACGCCTA TTTATTTCTC CATTTCTATT
vV F VvV A I V E Y A Y L F L H F Y *
AATAACGGAA ATAAACTGTT CACTTCAGTG ATATTTAAAA TATGCATCCT

MG1655 Acrp
I Ll 1

2 = 2 2

D O O O
ykgR-SPA
YkgR-SPA S *
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A

ykgR-SPA

YkgR-SPA

YkgR-SPA
SPA

C

YkgR-SPA

LB

glu

gly

T s T 1
TO 30C 45C TO 30C 45C TO 30C 45C

ykgR-SPA

Pigr-5"+SPA
P+5'5r-SPA

P,.c-5'+SPA

T " T " 1
30C 45C 30°C 45C 30°C 45C 30°C 45C

—~ T~

wt

ArpoS

PucrpoH Puc rpoE

r " ] I
TO 30C45C TO 30C45C T0O - + TO - +

—
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GTAATAACTT CTCCCACTGG CCTGGAACAA CTGAACTTAT TGAACTATGT
TAGAAAATAC GCCAGTTTAA GTATCTGCCT GAACTGGCAA GGTTAAGCAC
AATGATATAT CGGCGCGTAT TCCGTTGCAT AAGTGTGCAA AAAAAGTGGA
AGACGTATCG AGATTTGTGC GTCTGATCGA GACATGTTTA AAAATGGCTT

GCCATAATTA ACGTTGTATG TGATAACAGA TTTCG A AACGAGGTAC
AGTTCTGTTT ATGTGTGGCA TTTTCAGTAA AGAAGTCCTG AGTAAACACG
M C G I F S K E V L S K H V
TTGACGTTGA ATACCGCTTC TCTGCCGAGC CTTATATTGG TGCCTCATGC
D V E Y R F S A E P Y I G A s C
AGTAATGTGT CAGTTTTATC TATGTTATGC CTGCGGGCGA AGAAAACAAT
S N VvV s v L s M L C L R A K K T I
CTAAGGAATT TTTCAAATGG CAAAGATTAA AGGTCAGGT TAAGTGGTTCA
ok M A K I K G Q V K W F.

B LB glu gly

I ] " 1
TO 30C 45C TO 30C 45C TO 30C 45C

YODF-SPA | W S 8 B w '!-

YobF-SPA

C wt Alon

r i 1
TO 30C 45C TO 30C 45C

YobF-SPA — . | *

D wt AoxyS

I Ll 1
- - + 4+ - - + + HO,

TO 30T 45C 30C 45C TO 30°C 45C 30C 45C

yobF-SPA - - - . -- —
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